In the past two decades, research on electrospinning has boomed due to its simple process, small fiber diameter, and special physical and chemical properties. The electrospun fiber is spontaneously collected in a non-woven status in most cases. Therefore, the electrospinning method is becoming an ideal candidate for non-woven fabric manufacturing on a nano scale. More than 50,000 research papers have been published linked to the concept of "electrospinning", and the number is still increasing rapidly. At the early stage of electrospinning research, most of the published papers mainly focused on the research of spinning theories, material systems, and spinning processing. Since then research has turned to functional electrospun fiber preparation and characterization. In recent years, more and more researchers have started to develop a scaling-up method related to the applied products of electrospinning. Interestingly, most electrospinning products are in a non-woven state; that is why we dedicate one chapter to exhibit ongoing, on-woven fabric manufacturing and the basic research progress made using the electrospinning method.
Introduction

Electrospinning principle for manufacturing non-woven fabrics
The electrospinning method, as a versatile nanofiber preparation process, has drawn great attention in the past decades, due to its simple setup, easy process, extensive material options, and capability to form non-woven fabrics without any post processes.
The origin of electrospinning as a viable fiber-spinning technique can be traced back hundreds of years [1] . The process of electrospinning, also termed electrostatic spinning, was first conceived by Lord Rayleigh [2] in the late 19th century. In 1902, Morton [3] and Cooley [4] disclosed a patent using the electrospinning process via a composite solution. This patent was issued for the production of fibers from a solution jet using an electric field. From 1934 to 1944, Formhals published a series of patents [5] [6] [7] [8] [9] , describing an experimental setup for the production of polymer filaments using an electrostatic force. Since then, electrospinning truly emerged as a feasible technique for spinning fibers with small diameters. A formal electrospinning process can be defined as below [10] : a polymer solution or melt is held at the end of a capillary tube and is subjected to a high static electric field (commonly 1-6*10 6 V/m); the charges are then induced on the liquid surface; the mutual charge repulsion causes a force directly opposite to the surface tension; as the intensity of the electric field increases, the hemispherical surface of the solution or melt elongates to form a conical shape known as a Taylor cone; when the static electric field surpasses a critical value, the repulsive electrical forces overcome surface tension forces, resulting in a charged jet ejected from the tip of the Taylor cone. The route and thinning of this jet can be controlled by the electric field. At the same time, the solvent either evaporates or the polymer melt solidifies, leaving behind a charged polymer fiber. Continuous fibers are finally collected in the form of a non-woven fabric.
Electrospinning technology uses a totally different method for non-woven fabrics than the manufacturing in any other methods used in industry. The excellent characteristics of electrospinning technology include the following.
Low power consumption
In the electrospinning process, the driving force during jet thinning is the electrostatic force. Usually, in electrospinning the current carried by a typical jet is around 0.1-1μA [11] .This means that one jet in the electrospinning process consumes less than 0.1 W/h (power per hour). In other words, a mobile phone battery can drive more than 5-10 electrospinning jets for more than ten hours. Consequently, it is easy to develop handheld electrospinning equipment [12] .
Nanoscale fibers
Although only a few fibers smaller than 1 μm can be detected in traditional non-woven processes as for so-called "sea-island melt spinning" [13] and the recently developed flashspinning process [14] , small continuous fibers with nanoscale diameters can be easily attained via the electrospinning process. Before the 1990s, researches had produced ultrafine fiber around 1 μm and found this method had the potential for nanometer fiber preparation. Until 1996, works by Darrell H Reneker and Iksoo Chun [11] demonstrated that many polymer solutions and melts can be produced into nanofiber in the range 40-2000nm . After that, great attention was given to this technique for nanofiber production. Nowadays more than 3,000 papers and patents per year ( Figure 2 ) are published on electrospun nanofiber preparation and its applications based on more than 200 kinds of polymers.
Non-woven fabrics using nanoscale fibers always exhibit a high specific surface area and smaller pores and channels though the fabric, which means more functional molecules become exposed on the surface of the fiber or channels. This advantage can be applied into several high-end fields like high sensitive flexible sensor, efficient filter element, immobilized catalyst, and high energy storage element.
Long and continuous fiber [15]
The electrospinning process usually produced long nanofibers as any other traditional nonwoven processes did; so scholars claimed electrospinning as a continuous nanofiber manufacturing method. In Beachley V's results [15] , an electrospun polycaprolactone (PCL) fiber had a length ranging from 30 to 50cm, which is close to that of melt-blown nanofiber lengths obtained by Christopher J. Ellison [16] . This high draft ratio is attributed to the principle of electrospinning: electromicro stretch. Traditional industrial spinning fiber is stretched from one end. All the molecular chains between the spinning pool and the jet end are stretched by the force transferring from its end, as shown in Figure 3a . However, the driving force of polymer chains in electrospinning is different; not from the end, but between the adjacent charges which endure a repulsion or attracting force in the electric field, shown in Figure 3b . In this way, an electrospinning jet represents an equilibrium state in a tug of war between electrostatic force and surface tension force. Liu et al. [17] demonstrated this tug of war process by a simulation method of dissipative particle dynamics.
Non-woven fabrics produced by nanofibers may have eliminated the falling out of short fibers and hence avoid some potential pollution of nanomaterials. 
Electrospinning parameters and fiber properties
Electrospinning can be divided into two methods based on material properties: melt electrospinning and solution electrospinning. The former is less investigated because of its thick resultant fiber and high applied voltage [18] , while the latter is widely researched and applied in several areas such as non-woven fabrics. However, melt electrospinning is attracting more and more attention since it can process Polypropylene(PP), polyethylene(PE), and otherthermoplastic polymers without using any toxic solvents. Processing parameters always play important roles in judging spinnability and controlling fiber properties in both electrospinning processes.
Viscosity
Viscosity of the polymer melt or solution has a great effect on spinnability. Over a certain range, decreasing viscosity contributes to better spinnability, and smaller fiber diameter. The viscosity of the electrospun materials must be within a certain range (for solution electrospinning, it is commonly 5-20 Pa.s, while for melt electrospinning, it is commonly 20-200 Pa.s [18] ). If the solution viscosity is lower than a certain value, some microspheres may be electrically ejected onto the fabrics because of insufficient chain entanglement [19] . They would then melt with a low viscosity due to a very low molecular weight and would also be unable to produce fiber. Commonly, polymer melt or solutions with high viscosity produce thick fiber, while a modified material with a viscosity reducer [20] or surfactant [21] can produce a relatively small fiber. For example, in order to prepare fiber smaller than 1 μm by melt electrospinning, researchers have tried a variety of methods to reduce the melt viscosity -including using plasticizer and conductive additives [22] [23] .
Applied voltage
The electrospinning process generates fiber when the applied voltage surpassed a given value required to balance the surface tension of the solution or melt. The electrical field intensity is estimated as the applied voltage divided by the distance between the tip and collector in most research. A higher electric field intensity value is obtained either through decreasing the distance between the tip and collector or by applying higher voltages. In 1969, Taylor deduced the threshold voltage of electrospinning [24] , which defined the relationship between threshold voltage and the processed material. That is to say when the applied voltage exceeds this value, it breaks the balance between the electric force and the surface tension of the droplet, so a jet is ejected.
For solution electrospinning, it is commonly found that fiber diameter decreases with an increase in the applied voltage. However, for some polymer solutions like polyvinyl alcohol (PVA) and polyethylene oxide (PEO), they do not follow this rule [25] . The applied voltage has an important effect on non-woven morphology as well. Too weak or too strong an electrical field intensity, may cause beads of fiber in solution electrospun, non-woven fabrics and result in a rough surface [25] . For different materials, there is a suitable applied voltage range when other parameters are fixed.
For melt electrospinning, because of the dielectric properties and high viscosity of the polymer melt, the applied voltage is more than 2 times that used in solution electrospinning. Therefore, 20-100 kV is needed to polarize the polymer melt, and induce the generation of polymer jets [26] , while usually 5-20 kV is loaded on the end of the syringe needle in solution electrospinning. Increasing the voltage is a common measure used to obtain finer fiber in melt electrospinning, but it can cause corona or breakdown if the voltage is too high. Ratthapol [27] proposed a vacuum melt electrospinning method, improving the threshold voltage, in which the loading voltage can reach 1-30 kV/cm without breakdown, however, this method may prove costly if used in large-scale production.
Conductivity
High conductivity of processed material means a greater number of net charges on the jet when high voltage is loaded, therefore, a smaller fiber diameter can be attained by elevating the conductivity. Higher conductivity also may cause a drastic whipping of the electrospun jet, especially for polymer solutions, however, this may lead to a wide diameter distribution of the electrospun, non-woven fabrics. A widely used method to improve conductivity is by adding salts [28] [29] , pyridine [30] , or carbon nano tube(CNT) [31] in polymer solution or polymer melts. However, this may change the original fiber properties. Some researchers have investigated additives that evaporate when jetting [32] .
Spinning distance
Spinning distance was defined as the distance between the spinning tip and the collector. This distance is exactly the route that the electrospun jet experiences. Changing the spinning distance may cause a change in solvent evaporating velocity, the electrical field intensity, and the solidifying state, and thus affect the fiber properties indirectly. When the spinning distance is too short, the fiber will not be thinned enough because of a lack of the whipping process and inadequate solvent evaporation, as a result, the beads may accrue and even prepared fabrics may dissolve back into concentrated solution at this stage [33] . On the contrary, if there is an increase in the spinning distance, and a fixed electric field intensity, smaller fiber can be produced, and naturally, a larger area of deposited non-woven fabrics is prepared [34] . The spinning distance in most cases was set at 7-15 cm.
It should be noticed that near-field electrospinning has been developed for a patterned deposition of nanofiber, in which the spinning distance was set smaller than 1 mm and jet whipping was almost eliminated [35] .
Solvent properties
Solvent properties including the surface tension [36] and conductivity [37] , determine the final solution properties, and effect fiber properties indirectly. Solvent with low surface tension is a good candidate for better electrospinning solution preparation, thus the electrospinning process can be easily carried out by loading a relatively low voltage [36] . Volatility should be another concern when choosing the right solvent. If the volatility is too high, a blockage at the spinneret may occur from time to time [38] ; if the solvent evaporates as slowly as water, then an adhesive and thick fiber may be obtained [39] . In addition, inadequate evaporation of the solvent in the spinning solution may cause a toxic solvent residual in fabrics, which is not wanted in medicinal and sensor applications [40] . Solution conductivity in electrospinning has been discussed. In a solution system, the selected solvent's conductivity is the first factor defining solution conductivity, and using additives to improve conductivity is the second factor considered to adjust the solution's conductivity [37] . 
Collector
Non-woven fabrics are usually defined as random deposited fibers. However, sometimes controlled deposition of fibers, at least partially oriented fibers or patterned fabrics are needed in areas like cell scaffolds, sensors, and tailored filters. Therefore, different collectors or collectors with certain movement were utilized to realize specially controlled fabrics in electrospinning. Li, Wang, and Xia [41] have demonstrated that the nanofibers can be uniaxially aligned by introducing an insulating gap into the conductive collector. Other interesting methods including the use of collector-like knife-edged blades [42] , rotating wire drums [43] , rings placed in parallel [44] , etc., have also been proposed and tested.
Ambient temperature and humidity
High temperature and low humidity in the spinning area benefit the evaporation of solvent, and this is helpful to obtain smaller fiber diameters [45] . When the temperature is too high in solution electrospinning, the spinneret may easily be blocked because of fast evaporation. In melt electrospinning, the high ambient temperature can keep the spinning jet in melt state for a long time, which increases the thinning time of the jet and is beneficial to smaller fiber production [46] . The electrospinning process can rarely be carried out when the humidity surpasses some value since a corona or breakdown may happen [47] . Obvious changes on the surface of the solution electrospun fiber have been observed when spinning temperatures and humidities change [45] .
Scaling-up the technology of electrospinning
A basic electrospinning setup includes a chamber of polymer melt or solution, a spinning head, a high-voltage supplier, and a collector. Most electrospinning setups have their spinning heads connected to a positive high-voltage output end while the collectors are earthed or connected to a relatively low negative voltage. The electrospinning process requires a very small flow rate supply, so a microfluidic pump or fluid distributor is usually used to control the flow.
However, output of most solution-based, single-jet electrospinning setups is only 0.01-0.1g per hour, which is much smaller than that of traditional melt-blowing processes [48] . A lot of researchers have made great effort to improve the efficiency of the electrospinning process in different ways. The methods used can be grouped into two types. One method works by multiplying the output by establishing matrices of commonly used orifices (Figure 5a ) [49] . The other uses a fluid-free surface or creates some protuberances on a fluid-free surface to motivate multiple jets by loading extremely high voltages (Figure 5b ) [50] . The spinneret matrices for scaling-up electrospinning as figure 5(a) shows is an on-brain method by simplly copying single spinnerets. Its most impressive advantage is that there is no risk in carrying out any scaling-up processes of materials that are realized in a single needle setup. However, if the neighboring spinning heads are too close, the jets' distribution on the deposited fabrics will not be even because of the electrical field interference between the needles [49] . In order to deal with this problem, it has been suggested that the array parameters, of the spinning heads, be improved [49] . It has also been demonstrated that the interference of the electrical field can be minimized by adding a hat to the spinning head [51] .
The latter method, needleless electrospinning [50] or so-called free-surface electrospinning [52] or the nozzleless electrospinning method [53] , is much simpler than the method mentioned above. This was first published by A.L. Yarin and E. Zussman [54] in 2003. They used magnetic fl003 prepared by mixing magnetic powder in kerosene with oleic acid as a stabilizer to initiate multiple jetting from the free surface under the action of the normal magnetic and electric fipre, which yields about 26 jets/cm 2 , while the former method with nine orifices yields only 2.25 jets/cm 2 [49] . Subsequently, many kinds of varieties of method emerged by improving the spinning heads (as shown in Table 1 ). Outputs have been listed below, from which we can find that most of them have yield close to 10g/h.
Character of spinning head Fiber diameter (nm) Spinning voltage (kV) Output (g/h)
Single It is hard to evaluate and compare which method is the best when considering jet number per unit area. However, the most popularly used systems in industry may reflect such an evaluation. Table 2 lists some pioneering companies which have used electrospinning machines for scaling-up production, among which, Elmarco is the most popular company supplying complete equipment [56] . Their technology has evolved from drum type to wire type, which can produce 80,000,000m 2 /year using an NS 8S1600U machine. For melt electrospinning, thick fiber and high voltage security have always represented an obstacle until Yang's team developed a new method called melt differential electrospinning [57] . In this method more than 60 simultaneous electrified jets are attained using umbellate systems with a flow rate of about 12 g/h [57] [58] . The authors also indicated that a scaling-up machine has been established for non-woven fabric production with a 1-m width [58] . 
Prospects of electrospinning technology for non-woven fabric production
Productivity improvement
Different measures have been adopted to improve the productivity of electrospinning for nonwoven fabric production [56] , however, limited output still exists compared with traditional processes. Needleless electrospinning has shown great potential having advantages over needle-based lines, but a lot of problems remain to be solved. The electrospinning conditions required restrict control of temperature, humidity, and dust around the spinning pool; the processed polymer should be well dissolved into the solvent and kept for hours or days; and the evaporated solvent should be completely collected and recycled during electrospinning. These requirements change when the material changes. Presently, only a few polymers like PAN, PA6, and PVA can be processed well on a needleless electrospinning line. More polymers and their composites need to be tested to find suitable processing parameters. It should be noticed that it would be difficult to carry out electrospinning without needle-based setups for some materials and morphologies, especially for two component nanofiber and core-shell nanofiber [59] . Therefore, fundamental research should be carried out to optimize on-going production lines to cater for different requirements.
Eco-friendly material and processes
The use of toxic solvents in solution electrospinning has brought about 3 main problems. First, most of the solvents used in solution electrospinning are toxic [23] , such as dimethyl formamide (DMF), isopropyl alcohol, acetone, hexafluoroisopropanol (HFIP), and trifluoroacetic acid (TFA) [60] , which means the whole manufacturing process from mix processing of solvents to post-processing of fibers needs a closed environment to ensure worker safety or to measure up to the required standards [61] . Extra processes increase costs and more importantly, fibers with residual toxicity for applications in biomedicine can bring about significant damage to cells [62] . Second, during the mass production process, solvent evaporation may cause a change in ambient temperature and humidity, which means an extra temperature-humidity control system is needed. More specifically, the solvent ratio in most solution systems exceeds 90% in solution electrospinning, and air humidity needs to remain below 30% [63] , this means there will be an increase in the cost of mass production [62] . Third, solvent evaporation will cause tiny holes on the fiber surface -ranging from a few to dozens of nanometers in size, which weakens the strength of single fibers. In addition, it is difficult to find solvents for some special polymers at ambient temperature [64] .
On the contrary, solvent-free melt electrospinning has some advantages in nature. Melt electrospinning has no complicated process route like solution mixing and recycling. The surface of the resultant fiber is smooth and the fiber has high intensity. Polymer melt is completely transformed into the target product [62] . This method can process almost all thermoplastic polymers such as polypropylene (PP) [65] , polyethylene (PE) [66] , polyamide (PA), polylactic acid (PLA), polycaprolactone (PCL) [67] , polyethylene glycol terephthalate (PET) [68] , polyphenylene sulfide (PPS), and thermoplastic polyurethane (TPU) [69] . So a stable melt electrospinning route for nanofiber mass production would be an important choice in pursuing eco-friendly manufacturing methods [63] . More attention should also be given to some water soluble polymers or modified water soluble polymers that can be solution electrospun.
Fundamental research of as-pun, non-woven fabrics
Although mountains of research work has been done on the process and fiber morphology of electrospinning non-woven fabrics, little information about the as-spun, non-woven fabrics has been revealed. Specifically, we know little about its mechanical properties including tensile strength, tearing strength, and bursting strength. The combination of electrospun non-woven fabrics with traditional non-woven fabrics or textiles should also be tested since the bonding of nanofiber to thick fiber-based substrate seems difficult.
Applications of electrospun non-woven fabrics
Electrospun non-woven fabrics have been used in several fields including high-efficiency filtration, battery separation, biological medicine, sensors, and functional nanofiber textiles, because of their high specific surface area, small pores, and special physical and chemical properties like high conductivity, heat insulating ability, electromagnetic shielding, and biocompatibility [70] . Figure 6 . Overview of the number of publications featuring nanofibers used in various applications [70] .
Filtration
In the air filtration field, electrospun non-woven fabrics are taking the place of traditional filter media like activated carbon and fiberglass, because of their excellent performance in filter efficiency and pressure loss. It has been demonstrated by various authors [71] that electrospun nanofibers can remove the volatile organic compounds (VOC) in the air, with some samples filtering faster than conventional activated carbon. Scientists have found that the slip flow mechanism becomes dominant due to the ability of the smaller fiber to disturb the air flow instead of non-slip flow in traditional filters [72] . Surface loading of dust particles takes place on non-woven fabrics coating conventional filters. In one work, Heikkila et al. [73] optimized the coating thickness of polyamide nanofibers required to improve filtration efficiency and obtain an efficiency of over 95% (0.16 μm Particles) for a 0.5 g/m 2 coating; in another work, Hung et al. [74] studied the effect of fiber diameter on capture efficiency and pressure drop and they observed that when fiber diameter was reduced from 185 to 94 nm, the filtration of 50-500 nm nanoaerosol can be achieved only with a significant increase in the pressure drop.
In the water filtration field, typically used membranes for ultra-filtration (UF) or nano-filtration (NF) filters are made using the phase immersion method. The torturous porosity in these membranes usually has a low flux rate. Therefore, some researchers turned to electrospun nonwoven fabrics to make use of their high flux rates. The electrospun non-woven fabrics usually appear as a functional layer in a composite membrane. Yoon et al. [75] studied a composite membrane containing an electrospun PAN scaffold with an average diameter from 124 to 720 nm and a porosity of about 70%, together with a chitosan top layer, and found this membrane exhibited a flux rate that was an order magnitude higher than commercial NF membranes over 24 hours of operation, while maintaining the same rejection efficiency (>99.9%) for oily wastewater filtration. Many other materials having composite membranes with electrospun nonwoven layers also have proved this characteristic [76] [77] [78] . Some other research has also demonstrated electrospun non-woven fabrics' notable performance in selective filtration of cells or bacteria and adsorption for viruses from fluid [79] [80] .
Medical applications
Biopolymers including polysaccharides (cellulose, chitin, chitosan, and dextrose), proteins (collagen, gelatin, silk, etc.), and DNA [81] , as well as some biopolymer derivatives and composites, have been successfully electrospun into non-woven fabrics [82] . Applications of these as-spun fabrics have been carried out in many medical fields like tissue engineering, drug delivery, and wound dressing.
Using electrospun non-woven fabrics or partially aligned fabrics as cell scaffold in tissue engineering is one promising application. Scientists found that alignment of fiber in scaffold would be beneficial. Cell elongation and proliferation have been demonstrated to occur along the direction of these nanofibers, which could improve tissue engineering applications [83] . In some other examples, it was found that the number of anchoring points for cells, wettingproperties, and degradation rates can all be varied by adjusting the porosity of as-spun fabrics [84] . However, in most cases, the pores in solution electrospun fabrics were too small for cells to pass through and influenced both cellular and enzymatic behavior [85] . Thus, a lot of measures were adopted to enlarge the diameter of the pores between as-spun fibers including multilayering and mixing electrospinning techniques [86] and combination of electrospun fiber and traditional microscale fiber [81, 87] . A more effective solution was to use the melt electrospinning method and its meshed fabrics as scaffolds, which, had large spaces for cell penetration and tailored aliment for effective cell proliferation [88] .
Drug delivery alleviating medical conditions is another application of electrospun fabrics because nanofiber can be controlled to deliver drugs efficiently to a specific area at a controlled release rate via a dissoluble starting material [89] . Most cases focused on drug delivery materials specially applied in tissue engineering scaffold such as bioactive growth factors or factors to prevent infection while repair and regeneration occur [90] , other samples used these non-woven fabrics as a targeted drug carrier for oral medicine [91] . However, electrospinning is still an emerging technology, which requires further theoretical and experimental study. Consideration should be given to the design of a patient-compliant dosage form, material choice, and process controlling. Scaling-up and commercial production are other challenges which need to be overcome for biopolymer composites.
Functional nanofiber textiles
A lot of functions have been realized or enhanced by the use of nanotechnology in traditional textile materials. Electrospun non-woven fabrics, are widely investigated as a functional layer on some traditional substrates because of its high specific surface area, high gas permeability, and softness. The most promising application is that of protective cloth [92] . In some cases, TiO 2 [93] , ZnO [94] , or MOF [95] was added in the electrospun fiber or spun into core-shell nanofiber as a photocatalyst [93] or adsorbent to prevent the penetration of organic toxic gas or fluid and UV light. Some research used PP [96] , PA66 [97] , or PAN [98] to directly produce a non-woven layer on a substrate layer as a protective textile. Yan, Jian, and Zachariah [99] prepared non-woven, fabric-based thermite textiles and tested their reactive properties. He found that this material can yield up to a 1000 times increase in propagation rate compared to its micro-sized counterparts. Other applications of electrospun non-woven materials as a functional layer in textiles include full-color, light-emitting electrospun nanofiber [100] and energy harvesting and self-powered textiles [101] .
These applications illustrate the bright future of electropsun non-woven fabrics in functional textiles, however, few industrial products have been pushed to market. More fundamental research work is still required to find out how to adhere non-woven fabrics to traditional textiles without influencing their properties [97] . Although mass production has been carried out by some companies, fewer examples have been revealed using functional materials.
Sensors
Many kinds of materials such as polymers [102] , semiconductors [103] , and organic/inorganic composites [104] have been used as sensing materials to detect targeted toxic gases, toxic solid, or toxic fluid materials based on various sensing techniques and principles. Electrospun nonwoven fabrics have a specific surface approximately 1-2 orders of magnitude larger than flat films, making them excellent candidates for applications in ultrasensitive sensors. Different electrospun non-woven materials have been applied as ultrasensitive sensors to detect the signal changes of acoustic waves [105] , resistivity [106] , photoelectricity [107] , optical waves [108] , and amperometric parameters [109] . It was found that parameters including specific surface area, fiber diameter, and membrane thickness have great influence on the detecting properties of sensors. Higher surface-to-volume ratios of electrospun non-woven fabrics represents the key to guarantee fast and sensitive mass transport, electric charge transport, and signal-to-noise current ratios. Therefore, regulating the parameters of the electrospinning process or solution properties has been adopted to produce more porous fiber and even hollow fiber structures [110] . A thick membrane was found to own a larger sensing area and vacant volume into which more analytes could be absorbed and diffused [111] . However, more experimental studies and theoretical work is required in order to achieve a better control over the size and secondary structure of electrospun non-woven fabrics. 
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